We investigated the effects of millimeter wave treatment on the expression of the cell cycle regulating proteins cyclin-dependent kinase 2 (CDK2) and cyclin A in chondrocytes. Knee articular cartilage from SD rats was used to establish cultured primary chondrocytes. After identification using toluidine blue staining, passage 2 chondrocytes were randomly divided into different groups and treated with nocodazole or millimeter wave. The RNA expression of CDK2 and cyclin A was measured using RT-PCR, and their protein levels were detected by Western blotting. Cell cycle analysis showed that nocodazole treatment significantly increased the number of G0/G1 and G2/M stage chondrocytes and decreased the amount of S phase cells. In contrast, millimeter wave treatment significantly decreased the number of G0/G1 and G2/M chondrocytes and increased the number of S phase cells. The mRNA and protein levels of CDK2 and cyclin A consistently demonstrated a reverse trend, with the lowest levels in the chondrocytes treated with nocodazole. The expression of CDK2 and cyclin A was higher in chondrocytes receiving millimeter wave treatment than in untreated cells. In conclusion, millimeter wave treatment induces CDK2 and cyclin A expression, accelerates S-phase entry and G2/M transition and promotes chondrocyte cell cycle progression.
Introduction
The major pathological damage caused by osteoarthritis is cartilage degeneration. The balance of catabolism and anabolism within chondrocytes helps maintain the structural and functional integrity of the extracellular cartilage matrix. In the early stages of osteoarthritis development, cartilage tissue show self-repairing activity, volume of chondrocytes increases, and the synthesis of proteoglycan accelerates. In the late stage of osteoarthritis, the balance is broken, and the damaging effect of inflammation becomes more dramatic. Chondrocytes can rapidly respond to changes in the joint microenvironment and regulate the dynamic equilibrium between the degradation and synthesis of the extracellular matrix (ECM) (1) (2) (3) (4) . Therefore, the functional changes of chondrocytes play important roles in the degeneration of the joint cartilage, and chondrocyte proliferation is one of the important factors contributing to the maintenance of the cellular function.
The cell cycle is composed of four different stages, G1, S, G2 and M phase. There are two important checkpoints regulating stage transition and cell cycle progression, the G1/S and G2/M checkpoints. Stage transitions in the cell cycle are controlled by interactions among the molecules of the cyclin-cyclin dependent kinase (CDK)-CDK inhibitor (CKI) axis. In this system, cyclins interact with CDKs to positively regulate their activity. Conversely, CKIs can competitively inhibit the cyclin-CDK interaction and thereby negatively regulate the activity of CDKs (5, 6) . Cyclin A is first synthesized at the end of the G1 stage and regulated by E2F together with cyclin E at the transcriptional level. Cyclin A binds to CDK2 in the cell cycle and has dual functions of regulating DNA synthesis and M phase entry (7, 8) . CDK2 is an important positive regulator for cell cycle progression. The level and activity of CDK2 play rate-limiting roles in cell cycle stage transitions and the G1/S and G2/M checkpoints, especially in the S phase progression (9, 10) . Once the CDK2-cyclin E complex is transported into the nucleus, it can promote cell cycle progression through the G1/S checkpoint and initiate DNA synthesis and centriole duplication. At the end of G2, CDK2 binds to cyclin A, and the CDK2-cyclin A complex promotes M phase entry, regulates mitosis, and enhances cell proliferation.
The millimeter wave is an electromagnetic wave with a wavelength between 1-10 mm and a frequency of 30-300 GHz. It has been shown that millimeter waves can evoke multiple biological effects, both locally and globally. Organisms produce coherent oscillation at 0.5x10 10 -3x10 12 during metabolism, and the frequency of a millimeter wave is in the same range. Therefore, the energy of a millimeter wave can be absorbed by the organism through resonance. In turn, the (11) (12) (13) . Our previous study showed that millimeter wave treatment induced the direct differentiation of mesenchymal stem cells (MSCs) to chondrocytes by upregulating the mRNAs of Cbfa1 and Sox9 and ultimately the levels of glycosaminoglycan and type II collagen. The differentiated cells can secrete chondrocyte-specific matrix, and the degree of differentiation is enhanced with increased treatment time (14) . Nocodazole is a drug, like colchicines, that specifically binds to microtubules and interferes with spindle formation, thereby blocking the cell cycle at the G2/M transition (15) (16) (17) . To further discover the millimeter wave's mechanism of action, we used nocodazole to block the cell cycle the in vitro cultured chondrocytes and observed the effect of millimeter waves on the proliferation of these cells. Our work explored the targets of millimeter waves that regulate chondrocyte proliferation at the molecular and cellular levels. The equipment included, fluorescent microscope from Olympus (Japan), CO 2 incubator from Heraeus (Germany), FACS Calibur from BD (USA), plate reader from Bio-Tek (USA), 9600 DNA amplifier from PE (USA), Gel Doc 2000 from GE (USA). The millimeter wave signal was generated using the KFA-100A millimeter therapeutics from Beijing Zhongkang Inc. Wavelength range was 7.5-10.0 mm, power density was 4 mw/cm 2 , radiating area was 33.2±3x45.6±4 mm, and the timer was set as 30±3 or 60±6 min.
Materials and methods

Reagents
Animals. Male Sprague-Dawley (SD) rats at 4 weeks of age (total 42) were purchased from the Super-BK Laboratory Animal Inc. (Shanghai, China). Animal handing was strictly according to the institutional guidelines.
Isolation, culture, and identification of rat chondrocytes. Healthy SD rats were sacraficed by cervical dislocation and knee joints were dissected under sterile conditions. Cartilage was cut out, rinsed with PBS containing penicillin and streptomycin 3 times, and washed with DMEM medium 3 times. The cartilage was cut into 1-mm 3 pieces and incubated in 0.2% type II collagenase in a flask at 37˚C and 5% CO 2 . Supernatant was collected every 45 min and spun at 1,000 rpm for 5 min to collect cell pellet. After 4 cycles of medium change, all cell pellets were resuspended in DMEM complete medium (containing 10% FBS, 50 mg/l vitamin C, 100 U/ml penicillin, and 100 U/ml streptomycin), filtered through a 200 cell strainer, seeded at 2-3x10 5 /ml, and incubated at 37˚C with 5% CO 2 . These cells were labeled as F0. Medium was changed after 72 h and then every 3 days thereafter. Cells were observed every day and passaged when they reached 80% confluency.
The passage 2 chondrocytes were seeded on glass coverslips and incubated for 72 h. Then cells were washed with PBS and fixed in 10% neutral formaldehyde for 30 min. After treatment with 1% toluidine blue at room temperature for 30 min, slips were rapidly washed in ethanol, dried, placed on slides, and sealed. Slides were then observed and photos were taken.
Cell treatment and grouping. After the second passage, chondrocytes were seeded at 1x10 5 /ml in a T-25 flask, cultured for 48 h, and starved in DMEM medium without FBS for 24 h. Cells were then randomly divided into two groups, a millimeter wave treatment group (treated with millimeter wave for 0, 15, 30, 60, or 120 min) and a nocodazole group (treated with 0, 5, 25, 50, or 100 nM nocodazole in complete medium for 24 h). The detecting head of millimeter wave was hung above the interference cells at a height of 30 mm. All the interference cells were collected in the detecting head-centered circle with a radius of 20 mm, which fell within the radiation area of 33.2±3x45.6±4 mm. Cell proliferation after treatment was measured using the MTT assay.
Passage 2 chondrocytes were seeded at 1x10 5 /ml in a T-25 flask, cultured for 48 h, and starved in DMEM medium without FBS for 24 h. Then cells were randomly divided into four groups: control group, normal culture without treatment; experimental group 1, treated with 50 nM nocodazole for 24 h and receiving no millimeter wave signal; experimental group 2, receiving no nocodazole treatment and treated with millimeter wave signal for 60 min; and experimental group 3, treated with 50 nM nocodazole for 24 h and receiving millimeter wave signal for 60 min. After treatment, cell proliferation and apoptosis were detected using an MTT assay and DNA staining followed by FACS. Cells were also processed to measure the mRNA levels of CDK2 and cyclin A by RT-PCR and the protein levels of CDK2 and cyclin A by Western blotting. Finally, the cell structure and function were detected using transmission electron microscopy and safranin O staining.
MTT assay. Passage 2 chondrocytes were seeded in a 96-well plate at 1x10 4 /ml (200 μl per well), cultured, and treated with nocodazole and millimeter wave signal. The chondrocytes were then washed with PBS once, and 20 μl of a 0.5% MTT solution was added into each well. After incubation at 37˚C for 4 h, wells were emptied, supplied with 150 μl of DMSO, and shaken for 10 min. The OD570 was analyzed on a plate reader.
Fluorescence activated cell sorting (FACS)
. FACS was performed according to the manufacturer's instruction. After treating with nocodazole and millimeter wave signal, chondrocytes were trypsinized, washed with PBS, and re-suspended at 1x10 6 /ml. Then cell suspension was incubated with A, B, and C solutions and run on the FACS Calibur (10 4 cells were counted). After DNA analysis using Mod Fit software, the cell numbers in G0/G1, S, and G2/M phases were obtained.
RT-PCR.
Total RNA was extracted from the treated cells using Trizol according to the standard protocol. RNA (1 μg) was reverse transcribed into cDNA, which was then used in the PCR amplification of CDK2 (250 bp, sense 5'-AAA GGT GGA GAA GAT TGG-3', antisense 5'-CTT GAG GTC CTG GTG C-3') and cyclin A (210 bp, sense 5'-GCA GCA GAG GCT CAA GAC-3', antisense 5'-GAG ACA GCG GCA CTA AAA-3'). ß-actin (385 bp, sense 5'-GGG AAG TGC TGG ATA G-3', antisense 5'-GTG ATG TTT CGG ATG G-3') was used as the internal standard. The PCR conditions were as follows, 1 cycle at 94˚C for 5 min and 35 cycles at 94˚C for 30 sec, 52/53/54˚C for 30 sec, and 72˚C for 30 sec. The amplified products were separated on a 1.5% agarose gel and analyzed. The density of each band was quantified, and the amounts of CDK2 and cyclin A were normalized to ß-actin.
Western blotting. After treatment, cells were lysed, and protein concentrations were determined by BCA assay using bovine serum albumin as a standard. Samples were loaded with 20 μg of protein and separated by electrophoresis on 12% SDSpolyacrylamide gels. After electrophoresis, proteins were transferred to PVDF membranes in a Tris-glycine transfer buffer (48 mM Tris, 39 mM glycine, 0.05% w/v SDS, 10% v/v methanol) using a semidry blotting system, detected with antibodies against CDK2, cyclin A, and ß-actin, and developed with ECL. The intensity of each band was quantified utilizing the Fluor-S gel analyzing system and normalized to the band intensity of ß-actin.
Transmission electron microscopy. After treatment with or without millimeter wave signal, chondrocytes were trypsinized, fixed in 3% glutaraldehyde -1.5% paraformaldehyde for 24 h at 4˚C, post-fixed in 1% osmic acid -1.5% potassium ferrocyanide for 1.5 h, and washed with PBS for 5 min. Then cells were stained with saturated uranyl acetate in 70% ethanol, dehydrated by a gradient concentrated ethanol-acetone solution, and embedded in epoxy resin 618. After being sectioned at 80 nm, cells were further stained with uranyl acetate and lead citrate for 5 min and observed using a Hitachi Hu-12A transmission electron microscope.
Safranin O staining. After treatment, chondrocytes were washed with PBS, fixed in 4% neutral formaldehyde for 30 min, and stained with 1% safranin O solution for 5 min. Then cells were de-colored in 0.1% acetic acid for several seconds, washed with water, dehydrated using 95% ethanol, and treated with xylene. After being sealed, slides were observed under the light microscope.
Statistical analysis. Statistical data are expressed as mean ±SD. Statistical analysis was performed by F test and SNK-q test. Differences were considered statistically significant when P<0.05.
Results
Morphology and characterization of the rat chondrocytes.
Primary chondrocytes were small and sphere-shaped with diffuse distribution in the culture flask just after seeding (Fig. 1A) . After 24 h, cells started to adhere and were shaped like a big square with fillopodia (Fig. 1B) . After 3 days, cells were sphere or polygonal shape with round or oval nuclei (Fig. 1C) . After 6 days, cells gradually became isolated colonies with regular shapes and clear boundaries, and cells were spindle or oval shape (Fig. 1D) . After 8 days, chondrocytes dramatically proliferated, and cells were confluent in a single cell layer (Fig. 1E) . Passage 2 chondrocytes were regular in shape with even size and proliferated rapidly (Fig. 1F) .
To characterize isolated chondrocytes, cells were examined by toluidine blue staining. Stained passage 2 chondrocytes demonstrated red/purple particles in the cytoplasm and dark blue round or oval nuclei ( Fig. 2A and B) . Optimization of millimeter wave treatment time and nocodazole concentration. Without treatment, the passage 2 rat chondrocytes proliferated normally, and there was no significant difference between groups. After treatment with millimeter wave, the ODs of cells receiving 60-and 120-min treatments were significantly higher than the ODs of cells receiving 0-min (P=0.008, P=0.004) and 15-min treatments (P=0.040, P=0.022). The OD of cells treated with 50 nM nocodazole was significantly lower than the ODs of cells treated with 0 nM (P=0.009) or 5 nM nocodazole (P=0.020); the OD of cells treated with 100 nM nocodazole was significantly lower than those of cells treated with 0 nM (P=0.000), 5 nM (P=0.000), or 25 nM nocodazole (P=0.006) ( Table I) .
Millimeter wave treatment interfered with nocodazole-induced proliferation inhibition. Next, we tested the effect of the millimeter wave signal on the nocodazole-induced proliferation inhibition by MTT assay. Without treatment, there was no difference between the different groups. After treatment, the OD value of experimental group 1 was significantly lower than those of the control group (P=0.006), experimental group 2 (P=0.000), and experimental group 3 (P=0.001). Notably, there were significantly more cells in the experimental group 2 compared with the control group (P=0.031) (Table II) .
Cell cycle distribution of the treated chondrocytes as detected by FACS.
Before treatment, all cells were starved for 24 h to synchronize the cell cycle stage (Fig. 3A-D) . The FACS results showed that the cell cycle distribution of cells in different groups were similar. The G0/G1 ratio of experimental group 1 was significantly higher than that of the experimental group 2 (P=0.013) following treatment, while the G0/G1 ratios of experimental groups 2 and 3 were significantly lower than that of the control group (P=0.001, P=0.022). The S ratio of experimental group 1 was significantly lower than the other groups (P=0.008, P=0.000, P=0.002), and the S ratio of experimental group 2 was significantly higher than those of the control group (P=0.004) and experimental group 3 (P=0.013). The G2/M ratio of experimental group 1 was significantly higher than those of the control group (P=0.000) and experimental group 2 (P=0.022). The G2/M ratios of experimental groups 2 and 3 were significantly higher than that of the control group (P=0.020, P=0.002) (Fig. 3E-H ,  Table III ). Table I . Proliferation of chondrocytes measured by MTT.
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a p<0.01 compared with control group; b p<0.05 compared with control group; and c p<0.01 compared with experimental group 1. Noc, nocodazole.
Millimeter wave signal regulated the expression of CDK2 and cyclin A. To further explore the mechanism of the millimeter wave signal, we analyzed the expression levels of CDK2 and cyclin A. The mRNA expression of CDK2 and cyclin A was first detected using RT-PCR. The amplified products of 250 bp of CDK2 and 210 bp of cyclin A were clearly visible on the agarose gel (Fig. 4) . Quantification of the PCR products indicated that the level of CDK2 was significantly lower in experimental group 1 than in the other groups (P=0.007, P=0.000, P=0.002). The CDK2 mRNA level in experimental group 2 was also significantly higher than that of control group (P=0.037). The levels of cyclin A in the different groups also showed the same trend as that of CDK2 (Table IV) . The protein expression of CDK2 and cyclin A was also detected using Western blotting. Quantification of the Western blotting bands showed that levels of CDK2 and cyclin A proteins were significantly lower in experimental group 1 than in the other groups (P=0.020, P=0.008; P=0.000, P=0.000; P=0.004, P=0.001). Protein levels of CDK2 and cyclin A in experimental group 2 were also significantly higher than in the control group (P=0.034, P=0.020) (Fig. 5 , Table IV) .
Cellular structure by transmission electron microscopy. The shape of cells after treatment were either round, oval, or polygonal. Cell nuclei in the control group and experimental groups 1 and 2 were irregular in shape with lobes, clear nucleoli and evenly distributed chromatin. The rough ER was more abundant in the control group and experimental group 3 cells than in other groups. There were more lysosomes in the experimental group 1 cells. Interestingly, experimental group 2 Table III . Cell cycle distribution detected by FACS (%). 
.01 compared with control group; b p<0.05 compared with control group; c p<0.01 compared with experimental group 1; d p<0.05 compared with experimental group 1; and e p<0.05 compared with experimental group 2. cells demonstrated an increase in condensation of the chromosomes and a disappearance of the nuclear membrane, indicating that these cells were in early mitosis (Fig. 6A-D) .
Cellular staining by safranin O. Before treatment, the chondrocytes were evenly distributed with pink cytoplasm, dark red nuclei, and clear nucleoli (Fig. 7A-D) . After treatment, cells showed no dramatic change. However, cells in the control group and in experimental groups 2 and 3 were more condensed than cells in experimental group 1 (Fig. 7E-H) .
Discussion
In our experiments, we employed multiple digestions using 0.2% type-II collagenase to successfully isolate and in vitro culture rat primary chondrocytes. Primary chondrocytes attach to the bottom of the culture flask slowly, and it usually takes 24-36 h for all cells to attach. Primary chondrocytes also proliferate relatively slowly and usually reach confluence after 7-8 days. After passage, the speed of attachment and proliferation increased. Cells attached to the flask within 6-8 h and reached confluence after 4-5 days. This may be related to the fact that the primary cells were somewhat damaged during the isolation procedure and also the changes in the growth environment. There is no specific marker for chondrocytes. However, proteoglycan secreted by chondrocytes can bind toluidine blue stain through polymer coupling (18) . Hence, chondrocytes can be identified by the red-purple staining of toluidine blue.
The frequency of the millimeter wave is in the same range of the frequency (0.5x10 10 -3x10 12 ) of coherent oscillation produced by biological organisms during metabolism. 
.05 compared with control group; b p<0.01 compared with experimental group 1; and c p<0.05 compared with experimental group 1.
- Therefore, the energy of the millimeter wave can be absorbed by the organism through resonance. In turn, the energy can be transferred to interfere with signal transduction in the organism, dynamically regulating metabolism and promoting cell proliferation. In our study, we showed that millimeter wave treatment efficiently promoted chondrocyte proliferation and the degree of proliferative effect is dependent on the time of millimeter wave treatment. After nocodazole treatment, chondrocyte proliferation was obviously inhibited in a dosedependent manner, although high concentrations of nocodazole did not further increase the inhibition effect, indicating that the inhibitory effect was saturated. After millimeter wave treatment, the inhibitory effect of nocodazole was weakened, suggesting that millimeter wave treatment may function by promoting the G2/M transition of chondrocytes.
There are four stages in the cell cycle, G1, preparing for DNA synthesis; S, DNA synthesis; G2, preparing for mitosis; and M, mitosis (19) . The typical time scale is 12 h for G1, 6 h for S, 6 h for G2, and 0.5 h for M stage. The repeating of this cycle carries out cell proliferation. The amount of DNA in a cell changes during the cell cycle, allowing the different stages of the cycle to be identified by analyzing DNA content. The DNA content is 2N in the G0 and G1 cells. After DNA synthesis in S phase, the DNA content becomes 4N in the G2 and M phases (20, 21) . FACS analysis, which measures the DNA content of cells, is more sensitive to the changes during the cell cycle than the MTT method. After millimeter wave treatment, the G0/G1 and G2/M ratios dropped, and the S ratio increased, indicating that millimeter wave treatment promotes cell proliferation by enhancing S phase entry and accelerating the G2/M transition. This notion is also supported by our result that after nocodazole treatment the S phase ratio dramatically decreased and the G2/M ratio increased.
Upstream signals are usually transduced by signaling pathways and ultimately function on the genes encoding cell cycle regulating factors, leading to cell cycle changes by altering the expression of these factors. In the process of chondrocyte development, cellular structure and morphology change dramatically under the influence of multiple growth factors and the external environment. Cyclin A is the major regulatory protein in the S phase. Localized mainly in nucleus, cyclin A is expressed at the late G1 stage and functions to promote mitosis (22, 23) . Cyclin A can bind and activate CDK2, which then initiates the transcription of Sand M phase-related genes, promoting the G2/M transition and thereby cell proliferation. After the late stage of mitosis, cyclin A is degraded, and the intracellular cyclin A level decreases. Cyclin A is specifically high in S phase cells, and the protein level of cyclin A may reflect whether the cell population is proliferating. Our results showed that millimeter wave treatment effectively enhanced the mRNA and protein levels of CDK2 and cyclin A. Consistent with these results, FACS analysis showed that the S ratio increased and the G2/M ratio decreased with treatment. These results suggest that millimeter wave treatment promotes chondrocyte proliferation by accelerating the G2/M transition.
During the in vitro culture process of chondrocytes, cells may proliferate faster and faster and eventually show structural and functional changes, namely, de-differentiation. In our experiments, there were no significant structural or functional changes of the chondrocytes before and after millimeter wave treatment. After millimeter wave treatment, the chondrocytes proliferated faster and stably expressed and secreted proteoglycan, indicating that millimeter wave treatment promoted chondrocyte proliferation while maintaining the fundamental features of chondrocytes.
In summary, millimeter wave treatment effectively promotes chondrocyte proliferation and also maintains the phenotypic features of chondrocytes. The molecular mechanism of millimeter wave may act by inducing the expression of CDK2 and cyclin A, thereby enhancing S phase entry, accelerating G2/M transition, and promoting chondrocyte cell cycle progression.
